The complexes of biogenic metals ( )
Zn Cu Co Mn Fe
based on meso-tetra(3,5-diisobornyl-4-hydroxyphenyl)porphyrin 1 were synthesized. The electrochemical behavior of these compounds was studied using cyclic voltammetry (CV) and rotating disk electrode (RDE) techniques. The antioxidant activity of complexes was estimated by means of the electrochemical assay based on the hydrogen atom transfer reaction to the stable radical 2,2'-diphenyl-1-picrylhydrazyl (DPPH). The RDE method was applied for this process monitoring. It was shown that the efficiency of the metal complexes ( )
Cu Co Mn Ni Fe
is practically the same order as that of free base porphyrin 1. However the Zn 2+ complex demonstrates significantly higher antioxidant activity, and the stoichiometry of the reaction was determined as σ = 4. The results demonstrate that porphyrin macrocycle can directly affect the antioxidant properties of 2,6-diisobornylphenol.
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Introduction
The oxidative stress caused by an excessive generation of reactive oxygen species (ROS) such as superoxide radical-anion 2 O •− , hydroxyl radical HO • , peroxy radicals LOO • , lipid hydroperoxides LOOH leads to cardiovascular diseases, mutagenic changes, cancerous tumor growth and ageing of living organisms on the whole. A number of methods and variations have been developed and applied for the measurement of antioxidant capacity and efficiency, but very often there is lack of correlation between activities determined on the same material by different assays and between activities determined by the same assay in different laboratories. Therefore, the search for novel effective antioxidants, as well as for methods to assess the antioxidant activity, is a topical task [1] - [3] . Among the classes of well-known natural antioxidants vitamins E, ascorbic acid, glutathione, and so forth, α-tocopherol and its synthetic analogues, sterically hindered phenols, are of particular importance [4] . The substituted 2,6-dialkylphenols are widely used as inhibitors of free radicals formation in the oxidative destruction of natural and synthetic substrates. The mechanism of their physiological action is associated with the stable phenoxyl radicals formation in the process of hydrogen atom abstraction by highly reactive LOO
• radicals [5] .
The synthesis and study of polytopic compounds possessing several pharmacophore centers in the molecule are of a particular interest, because such a combination is able not only to enhance the well-known physiological activity but also to cause the appearance of new types of physiological activity [6] [7] . Butylated hydroxytoluene (BHT, 2,6-di-tert-butyl-4-methylphenol) is a known synthetic antioxidant used in the manufacture of foodstuffs. 2,6-Diisobornyl-4-methylphenol is currently undergoing preclinical trials as a promising drug [8] . Previously, it has been shown that tetra(3,5-di-tert-butyl-4-hydroxyphenyl)porphyrin, containing BHT moieties, and its analogue with the palmitoyl residues exhibit a high antioxidant activity in the model oxidation reaction of (Z)-9-octadecenoic acid, as well as in the lipids peroxidation processes in Wistar rat liver homogenates [9] [10]. The activity of tetra(3,5-diisobornyl-4-hydroxyphenyl)porphyrin 1 was studied by electrochemical methods and it was shown that this compound may be considered either as a promising antioxidant [11] , or as a membrane protector [12] . The introduction of the metal in the porphyrin core can have a direct effect on the antioxidant properties due to the participation in redox processes, which is of interest in terms of search for novel antioxidants.
In this work, starting from compound 1, metal porphyrins M-1 were synthesized (Scheme 1) and their antioxidant properties were studied using an electrochemical DPPH test [13] - [15] .
Materials and Methods
IR spectra of a diffuse reflectance were recorded FTIR Shimadzu IR Prestige 21 in KBr. Electronic spectra (UVVis) were obtained on Shimadzu UV-1700 spectrometer using quartz cuvettes 10 mm thickness (chloroform as sample of comparison). 1 H NMR spectrum of the complex Zn-1 was recorded on a Bruker Avance II spectrometer (operating frequency 300 MHz) in a substance solution in CDCl 3 . MALDI mass spectra were recorded on a Bruker Ultraflex TOF/TOF (matrix-dihydroxybenzoic acid). Monitoring of the reaction proceeding was performed using TLC plates "Sorbfil". Column chromatography was performed sequentially on Al 2 O 3 (40/200 micron, grade "pure") and further on SiO 2 (60/200 micron, Alfa Aesar), eluent-chloroform. Compound 1 was synthesized from meso-diastereomers of 2,6-diisobornyl-4-methylphenol as previously described [16] .
Zn-Tetrakis{3-{(1R,2S,4S 
A solution of porphyrin 1 (0.1 g, 0.057 mmol) in 10 mL of chloroform was added to a solution of copper acetate (0.3 g, 1.65 mmol) in 7 mL of methanol. The reaction mixture was stirred vigorously at room temperature for 20 min, then washed with water and the product was purified by column chromatography. It was obtained 0.057 g (55%) of Cu-1 complex as a purple fine crystalline powder which upon trituration electrified. IR spectrum, ν, cm Mn
A solution of porphyrin 1 (0.1 g, 0.057 mmol) and manganese(II) chloride tetrahydrate (0.3 g, 1.5 mmol) in 20 mL of dimethylformamide (DMF) was refluxed for 10 min, then poured into water and the precipitate was filtered, washed with water, dried on air. The product was isolated by column chromatography. It was obtained 0.060 g (58%) of the Mn(OH)-1 complex in the form of fine crystalline purple powder which upon trituration electrified. IR spectrum, ν, cm 
To a solution of porphyrin 1 (0.1 g, 0.057 mmol) in 20 mL of DMF was added iron(II) bromide (0.3 g, 1.39 mmol). The reaction mixture was refluxed for 10 min, then poured into water and the precipitate was filtered, washed with water, dried on air. The product was isolated by column chromatography. It was obtained 0.050 g (48%) of the complex Fe(OH)-1 in the form of fine crystalline purple powder which upon trituration electrified. IR spectrum, ν, cm The CV and polarization curves were obtained by using the potentiostat "IPC-pro" ("Volta", Russia) connected to a computer. DMF was purified prior to use by standard methods [17] . Working electrode-stationary or rotating platinum, gold or glassy carbon (GC) electrode of 3 mm diameter, a platinum plate was used as the auxiliary electrode. Background electrolyte-5 × 10 −4 M Bu 4 NClO 4 (99%, "Acros"). Rotation speed of the electrode was 2800 rev/min. The (Ag|AgCl|KCl) with a waterproof diaphragm was used as a reference electrode. DPPH concentration was 50 μM, the measurements were done during the period of time from 1 to 5 hours. In the case of Zn-1 complex, when determining reaction stoichiometry, the ratio of the concentrations [DPPH]:[compound] = 5:1 was used.
Results and Discussion
The H-NMR spectrum of the complex Zn-1 comparing to the porphyrin 1. The signals of other peripheral substituents in the porphyrin macrocycle do not change. Despite the fact that the paramagnetism of the other complexes does not allow to use the 1 H-NMR spectroscopy for the their structures study, the immutability of peripheral substituents is established by IR spectroscopy: a band at 3603 cm•ν −1 that corresponds to the stretching vibrations of the phenolic hydroxyl group, the most active reaction center in the molecule, is observed in the spectra of all the complexes M-1 as well as in the spectrum of the starting free base porphyrin. Oscillations corresponding to groups of other fragments also remain virtually unchanged and completely analogous to those of the original ligand 1 and zinc complex, the immutability of the peripheral substituents in the macrocycle is confirmed by 1 H-NMR spectroscopy. The absence of stretching vibrations band of NH bonds in the macrocycle (ν 3318 cm −1 ) which was observed in the spectrum of the ligand 1 is a characteristic feature of the obtained porphyrines IR spectra. We can conclude that the mass spectrometry data, IR and electron spectroscopy can reliably determine the structure of the paramagnetic porphyrines Cu-1, Co-1, Fe(OH)-1, and Mn(OH)-1. Thus, in this paper a series of complexes with transition metal cations (Zn 2+ , Cu 2+ , Co
2+
, Fe 3+ , Mn 3+ ) based on meso-tetrakis(3,5-diisobornyl-4-hydroxyphenyl) porphyrin 1 is synthesized.
Antioxidant activity (AA) of the free base porphyrin 1 has been previously studied by using electrochemical DPPH test, which is based on the hydrogen atom transfer reaction to stable radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) (Scheme 2(a) ). It has been shown that AA is significantly higher than the that of the antioxidant 2,6-diisobornyl-4-methylphenol even at a concentration ratio [porphyrin]:[2,6-diisobornyl-4-methylphenol] = 1:4, that points out that the porphyrin macrocycle influences upon the antioxidant activity mechanism. The electrochemical approach to estimate AA is based on the fact that the DPPH radical exhibits two reversible oneelectron transitions in the range of 0.2 -0.8 V (Ag|AgCl|Kl), that corresponds to oxidation and reduction of the radical respectively (Scheme 2(b) ) [18] [19] . This fact allows us to monitor the reaction of DPPH with an antioxidant by the drop of the peak current value (CV method), or by the decrease of the limiting diffusion current Id polarization curve (RDE method) [14] [15] . In this work, the RDE technique was applied, which provides greater accuracy due to uniform mixing and equalization of concentrations in the whole volume of the solution. From the Levich equation [20] , for fixed values and the electrode area and rotation velocity, the ratio of the current at the beginning of the reaction (no additives) and at given moment of time is determined by the DPPH concentration ratio:
where I 0 is the diffusion limiting current of polarization curve at the initial DPPH concentration C 0 , I is the current at a DPPH concentration C at a given moment of time. Thus, we can easily obtain the kinetic curves of concentration change from the electrochemical data. The well known spectrophotometrical DPPH-test [21] [22] cannot be applied in this case, since the compounds under study are coloured ones, and one of the absorption bands of porphyrins (λ max for 1 is 522.5 nm) are close to the absorption band of DPPH (517 nm). It should also be noted that in a number of recent papers it was pointed out that the use of spectrophotometric test leads to a divergence of activity data obtained in different groups even in the case of known antioxidants (BHT, trolox, α-tocopherol), thus, this method requires further validation [23] [24] . In order to determine whether an electrochemical DPPH test may be applied to the antioxidant activity assay in this case the redox behavior of metal porphyrins has been studied by CV. The measurements were carried out in DMF at different electrodes (glassycarbon (GC), Au, Pt) on a background of n-Bu 4 NClO 4 . The oxidation and reduction of complexes takes place in several stages, wherein there is no overlap of the peak of DPPH reduction with the peaks of metal porphyrins redox transitions ( Table 1) . Investigation of the electrochemical behavior of the complexes presents certain difficulties due to their limited solubility and the inability to get quality voltammograms of all the complexes at one electrode. In this regard, the peak potentials listed in Table 1 were obtained at different electrodes.
The voltammograms of porphyrin 1 display two irreversible one-electron oxidation peaks in the anodic range (Figure 1) . The first peak is apparently due to the oxidation of the porphyrin ring to the radical cation, followed by its rapid reduction via intramolecular electron transfer (IET) from the phenol group (Scheme 3). The irreversible character of the peak is caused by the rapid chemical stage of proton elimination (the EC mechanism). The second peak corresponds to one-electron oxidation of the phenoxyl radical thus formed to the corresponding cation [25] . The oxidation peaks of phenol groups are not observed because of the shift to the discharge region of the supporting electrolyte molecules. In the cathodic range porphyrin 1 reduction proceeds in one-electron step to form a stable radical anion. The degree of the reversibility on a Pt electrode is higher than that on GC (Figure 1(b) ). On the other hand, oxidation and reduction of all the complexes proceed irreversibly according to ECE mechanism.
The reduction of Mn-1 and Fe-1 complexes takes place at lower cathode potential values, that allows one to suggest that the initial reduction step is the metal reduction
The reduction of porphyrins Zn-1, Cu-1, and Co-1 proceed on the ligand moiety in the same way as of free base 1 (Figure 2, Scheme 2) .
The study of antioxidant activity of metal porphyrins was also completed in DMF at an initial concentration It can be seen that the maximum reaction rate is observed in the initial period of reaction. In order to assess the activity quantitatively the parameter AOE numerically equal to the percentage of reacted in the reaction of DPPH was used: where C 0 -initial concentration of DPPH, C fin -final concentration corresponding to the time the kinetic curve receive the plateau.
AOE values of metal porphyrins under study are listed in Table 1 . It can be seen from these data that activity of Fe-1, Co-1 is practically the same as that of the free base porphyrin 1. Thus, in this case, the introduction of metal ion into the core of porphyrin macrocycle does not alter significantly the antioxidant properties. The activity of the Mn-1 was lower (30.15%). On the other hand, the complex Zn-1 exhibits greater activity than the porphyrin 1 (AOE = 83.9%). This compound is a leader in a series of compounds studied and can be considered as the most promising antioxidant. The activity of complexes increases in a row: A more detailed study of the compound Zn-1 and DPPH reaction makes possible to determine the stoichi- 
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ometry of this process equal to σ = 4. Thus, these data suggest the participation of each of phenolic substituent in the reaction with DPPH. As it has been shown previously in the case of porphyrins, containing 2,6-di-tertbutylphenol substituents, Zn-complex also exhibits the highest activity [15] . We suggest that the higher activity in this case is associated with a change in the redox properties of the molecule: the overlap of the metal ion free d-orbitals with a porphyrin macrocycle orbitals results in a shift of oxidation potentials to the cathodic range ( Table 1) . In general it can be concluded that the introduction of the metal ion in the macrocycle of porphyrins, has a significant influence on the antioxidant activity of porphyrins containing bulky alkyl substituents. It is noteworthy that, in accordance with the data [11] , all of the complexes studied exhibit markedly higher activity than 2,6-diisobornyl-4-methylphenol and belong to a class of effective antioxidants. ) based on meso-tetrakis (3,5-diisobornyl-4 -hydroxyphenyl)porphyrin were synthesized and their redox properties were studied. The antioxidant activity of complexes was estimated using the electrochemical approach (DPPH-test). It was demonstrated that antioxidant properties of these compounds depend on the metal nature. All compounds demonstrate activity higher than that of a known antioxidant 2,6-di-tert-butyl-4-methylphenol (BHT) and 2,6-diisobornyl-4-methylphenol, and thus they can be considered as effective antioxidants. The study completely demonstrates that redox and antioxidant properties are tightly connected.
Conclusion

